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&BSTB&CT 


Aq  expeciBea,tal  aad  theoretical  anal/sis  vas 
perforaed  on  low  enecjif  inpact  loading  of  thin  (.040 
inches)  graphite-e^oxf  plates.  Six-inch  sgnars  plates 
were  subjected  to  dynaiic  inpact, (below  the  ballistic 
range)  and  static  loading.  The  plate  static  strain 
energy  and  dynaaic  iapact  energy  for  failure  were 
equal  and  consPtant.  Iheorstlcal  analysis  was 
perforaed  using  both  exact  and  finite  eleaent  lethods. 
Snail  deflection  theory  was  assuaed  and  found  to  be 
inapplicable;  the  plates  behaved  in  a Banner 
indicating  that  a large  deflection  theoretical  aodel 
would  be  acre  appropriate. 
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I.  INTRODUCTION 


Conposite  mettecials  have  a tceoeadous  poteobial  in  the 
structural  field.  Although  their  future  value  in  the 
aircraft  industry  is  erceptional,  there  $till  ceoain  oany 
unknowDS.  The  response  oE  graphite-epoxy  cooposite  plates 
to  low  energy  impact  loading  is  one  of  these  unknowns. 

Low  energy  impacts  are  a common  occurrence  on 
operational  aircraft.  A mechanic  dropping  a wrench,  or  a 
stone  thrown  by  a tire  are  typical  examples.  It  is 
important  to  know  how  composite  panels  react  to  these 
impacts  in  order  to  be  able  to  confidently  predict  a damage 
threshold.  An  accurate  model  for  damage  would  be  helpful  in 
both  the  operational  and  design  fields.  Operationally,  the 
ability  to  assess  damage  to  a panel  which  is  known  to  have 
been  hit,  but  which  has  no  visual  manifestations  of  damage, 
will  produce  better  maintained  and  safer  aircraft.  The 
designer  will  also  be  better  able  to  produce  aa  aircraft 
capable  of  operation  throughout  its  design  environment. 

A series  of  tests,  both  static  and  dynamic,  were 
performed  to  analyze  the  response  of  a simply  supported 
plate  to  impact  loading.  The  plate  was  a symmetrically 
laid-up  graphite-epoxy  plate  six  inches  sguare.  The  dynamic 
tests  used  a variable-mass  steel  penetrator  of  spherical 
shape,  at  impact  speeds  of  ten,  fifteen,  and  twenty  feet  pec 
second.  Each  plate  was  impacted  by  incrementally  increasing 
masses  until  failure  occurred. 

There  were  three  basic  types  of  failure  expected.  These 
included:  static  shear-out,  where  the  penetrator  sheared 
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thcoagh  the  panel  causing  only  local  daoage;  flexural,  where 
the  failure  was  causel  prinarily  by  bending  aad  neabrane 
stresses;  and  ballistic,  where  complete  penetration 
occurred.  It  was  assuaed  that  wave  stresses  would  have 
little  influence,  and  that  flexural  failire  would 
predominate.  Siall  deflections  were  initially  assumed  and 
membrane  stresses  were  neglected. 

Ihe  Kirchoff  Hypothesis  for  plates  was  adopted: 
straight  lines  normal  to  an  undeforned  middle  surface  were 
assumed  to  remain  straight  and  normal  to  the  middle  surface 
in  the  deformed  state.  Further,  it  was  assumed  that  normals 
to  the  middle  surface  do  not  change  length. 

The  investigation  proceeded  in  the  following  manner: 
first,  the  constitutive  properties  of  the  plate  material 
were  determined  both  analytically  and  experimentally,  than 
the  experimental  apparatus  was  set  up  and  calibrated  to  give 
the  desired  range  of  impact  velocities.  k number  of 
non-destructive  technigues  for  inspection  of  dasaged  plates 
were  considered  and  tested.  Finally,  a series  of  static  and 
impact  tests  was  run,  and  the  resulting  damage  was  evaluated 
using  both  nondestructive  and  destructive  test  methods, 
including  scanning-electron- microscopy. 

Concurrently  a theoretical  investigation  was  undertaten 
to  see  whether  simple  linear  theory  could  be  of  use  in  the 
analysis  of  the  plate  impact  problem.  Static  and  dynamic 
solutions  were  sought  using  SAP  IV,  a finite-element 
structural  analysis  program.  Initially,  known  closed  form 
solutions  were  compared  with  SkP  IV  solutions  for  static  and 
dynamic  loadings.  Ihen  specimen  constitutive  properties  and 
experimental  loading  parameters  were  entered  in  tie  program, 
and  solutions  were  compared  with  experimental  data. 

The  procedures  used  and  the  results  gained  ace  detailed 
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II.  sSHSTiiorivE  PE2PIRIISS 


A.  HAIERIAL  PfiDPEBIIES 

The  plates  used  were  roastructai  fram  12  iash  wide  rolls 
of  UCC  Thornel  330  (aatwisted)  Sraphite  Fibers,  in  a 
Rigidite  5208  matrix,  sapplied  as  a B-stage  prepreg  by  the 
NARMCO  Materials  Division  of  the  Celanese  Corporation. 

Twelve-inch  sguara  panels  ware  constructed  following  the 

manufacturers  recommended  procedures,  and  those  of  Linnander 

[Ref.  1].  These  proceiures  were  designed  to  give  a 55X 

fiber  content  by  volume.  The  lay-up  was  eight  lamina  in  a 

symmetrical  configuration  as  indicated  by  Fig.  1.  The 

standard  laminate  orientation  code  for  this  lay-a?  [Ref.  2], 

was  (0,±45,0)  . After  the  proper  cure,  the  panels  were 

s 

guartered  to  give  six-inch  square  plates. 

Some  of  the  lamina  properties  predicted  by  NARMCD 
Materials  included,  in  pounds  per  square  inch: 

Flexural  modulus  (longitudinal) =22. 3 E6 
Flexural  modulus (transverse) = 1.6  E6 

Tensile  modulus  of  coupon  sample  (logitudinal) =23. 5 ES 
Tensile  modulus  for  coupon  sample  (transverse) =1 . 47  E6 
Flexural  ultimate  stress  (longitudinal) =295  E3 
Flexural  ultimate  stress  (transverse) = 11.5  E3 
Tensile  ultimate  stress  for  coupon  sample 


15 


(longitudinal) =215  B3 

Tensile  ultiaate  stress  fsr  coupon  sample 
(transverse)  =6 . 75  E3 

Coapression  ultiiate  stress  (longitudinal) = 193  E3 
Interlaainar  shear  ultimate^  17.8  B3 

The  published  properties  did  not  include  either  of  the 
Poisson  ratios  or  the  shear  modulus.  The  nominal  thickness 
of  a laid-up  plate  was  .743  inches. 

B.  laEOHETICAL  C0MSTirUft7B  PROPERTIES 

Jones  [Ref.  3]  developed  equations  for  the  constitutive 
properties  of  a laminate  from  Jtnovn  lamina  properties  and 
laminate  lay-up. 

Beginning  with  the  kaovn  properties  the  constitutive 
properties  of  each  lamina  in  relation  to  the  laiinate  was 
determined.  Lamina  with  fiber  direction  coincident  with  the 
axis  of  the  plate;  and  plane  stress: 


For  laminas  that  were  not  on  the  principle  plate  axis  the  2 
matrix  was  modified  with  a suitable  coordinate 
transformation.  This  applied  to  the  t 45  degree  Laminas: 

» QuC0S‘'6  •«-2(Q,x+2O4«^S)N*GCOS*0  + OaS\M'^ 

^5.1  = fQa  + Qa-  HQm,)  s)N*ecx6b*  Q«rsw"04cos‘*e) 

Oa  = Q,»S\M‘'0+ 2(Qii*2(j44)5lid*ec05*©  4-OitCOs‘^e 
Qifc  = (Q«.-Qif20a')5lMecosb*^0„-0«^2QtOslt^ecose 
Ow  = (Q»  -iQM.'iSlN^©COS0+  (0it-0tt+2a44^5lM0CO5*9 
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the  constitutive  properties  in  the  form  of  engineering 
constants  of  an  octhotcopLc  aateriaL.  The  finite  eleaent 
program  used  woild  accept  lata  in  this  form  only. 

The  Design  Hanual  |Sef.  2]  supplies  a means  to 
approximate  the  ortiotropic  constitutive  properties 

utilizing  the  A,  or  extensional  stiffness,  matrix; 

2 

Exx  - (All  A22-A12)/ (THICKNESS) A22 

^yy  "^xx  A22/A11 
®xy  -A33/ THICKNESS 
yx  ■ A|2  /A|| 

"^xy  ■ A22/A12 

A simple  computer  program  was  designed  to  taice  both  the 
lamina  constitutive  properties  and  laminate  construction  as 
input.  The  program,  in  Basic  Language,  outputs  the 
following;  the  individual  lamina  stress-strain  properties 
in  relation  to  the  laminate,  the  extensional  matrix,  the 
bending  matrix,  the  orthotropic  constitutive  properties,  and 
the  orthotropic  stress-strain  relationship.  This  program  is 
Appendix  A. 

C.  EXjPEfililENTAL  EONSIirCJPr\rE  PHOPERriES 

To  verify  the  calculated  constitutive  properties,  a 
series  of  tensile  tests  was  performed. 

Three  specimens  were  prepared  in  accordance  with  the 
design  manual  [Ref.  2].  Tney  were  nine  inches  long  and  one 
inch  wide.  The  first  specimen  was  cut  from  a twelve-inch 
panel  with  the  zero  degree  fibers  runaiug  parallel  to  the 
long  dimension.  The  second  was  cut  so  the  zero  degree 
fioers  ran  at  a right  angle  to  the  long  dimension.  The  last 
specimen  was  cut  so  one  of  the  forty-five  degree  lamina's 
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fibers  were  parallel  to  tae  long  dinension,  and  the  zero 
degree  fibers  irere  fortf-fire  degrees  off  the  loag  speciaen 
axis.  One-and-a-half-inca  long  and  one-inch  wile  shoulders 
were  glued  to  both  sides  of  the  outer  one-and-a-ialf  inches 
of  the  speciaen  in  order  to  distribute  the  local  stresses 
caused  by  aounting  in  the  test  lachine.  The  edges,  where 
the  shoulders  aet  the  speciaen,  were  beveled  to  less  than  30 
degrees. 

BBH  Electronics  SR-h  strain  gage  rosettes  were  installed 
on  each  speciaen  near  the  center.  These  rosettes  were  type 
FAER-25R-12S6  wit!  120  oiD  resistance  and  2.04  gage  factor. 
They  were  wired  into  a standard  Wheatstone  bridge  strain 
aeasuring  circuit. 

The  three  speciaens  were  aounted  in  a RIE3LE  testing 
aachine.  ks  they  were  slowly  loaded  to  failure,  strain 
aeasureaents  were  increaentally  taken.  Figures  2,  3,  and  4 
are  plots  of  the  test  data. 

The  orthotropic  constitutive  properties  can  be 
deterained  from  the  graphs.  Froa  this  data,  the  Design 
Manual  [Ref.  2]  gives  a siaple  calculation  procedure  to 
deteraine  the  shear  aodulis: 

U*(E|_+  Ej+2'0ljEy)/ 

6 .iJLLs_ 

8U-Ex 

Froa  the  graphs: 

E|_-  11.6  5 E 6 
Ey"  3.1  E 6 
Ey  - 61.6  E 6 


■^LT-  S2 


20 


PENSILE  TEST  3F  45  DE3REE  SPECIMEN 


To  verify  Poissons  ratio; 


(r!^)  - 'SB  « .14 


The  shear  nodulus  calcalation  gave: 

Glt*  2.0  5 E 6 

Sumoary  of  constitutive  properties  from  tests: 


11.6  E6 

3.1  E6 

\t--52 

2.1  E6 

Using  this  data  the  stross-strain  relationships  will  be; 

12.5  1.75  0 ^ 

Cr  > * 1.75  3.34  0 E 6 2 6^ 

, ) [O  0 2.lJ  ( ) 

D.  COMPARISON  OP  CONSTITUriVE  PROPERTIES 


Since  Poisson's  ratios  and  the  shear  aoialus  for  an 
individual  lamina  were  lot  given,  these  properties  ware 
estimated  and  entered  into  the  constitutive  properties 
computer  program.  Using  the  orthotropic  properties  obtained 
from  the  tests,  the  program  was  used  to  iterate  for  the 
unknowm  lamina  properties.  The  results  were  disappointing. 
The  calculated  modulus  ii  the  I direction  was  eight  percent 
high,  the  shear  modulus  was  forty  percent  high,  and  the 
Poisson's  ratios  were  thirty  five  percent  high  when  the  X 
direction  calculated  modulus  was  forced  to  equal  the  test 
data. 


& survey  of  the  Design  Manual  'Ref. 2]  indicated  that  the 
constitutive  properties  obtained  experimentally  were 
comparable  to  common,  mediim  strength  graphite  epoxy  plates 
of  similar  construction.  The  orthotropic  values  obtained 
from  the  test  data  were  used  unless  otherwise  noted. 


E.  FIBER-EPOXY  VDLOME  FRA::riON 

Tvo  independent  tests  were  crondasted  to  veriff  the  fiber 
and  epoxy  volume  fcactiDns.  Dne  method  was  i chemioal 
technique,  the  other  was  a quantitative  microscopic  method. 

Handley  and  Cross  rRef.4]  outlined  the  chaaioal  method 
used.  Two  fritted  crucibles  and  two  samples  were  dried  in 
an  oven  at  180  degrees  centigrade  for  thirty  minutes.  The 
crucible  and  coupon  were  then  weighed.  Tne  coupon  was 
placed  in  80-90  degree  centigrade,  concentrated  nitric  acid 
for  fifteen  to  twenty  minutes.  The  hot  nitric  acid 
dissolved  or  "digested"  tie  epoxy  matrix.  After  the  epoxy 
was  dissolved,  the  remaining  fiber  and  acid  solution  was 
rinsed  with  a vacuum  assist  in  water  and  acetone.  The 
crucible  with  the  fibers  was  dried  in  an  oven  at  120  degrees 


centigrade  for  one  to  two  hours. 

and  then  w 

eighed.  The 

results 

were: 

Sample 

One 

Sample  Two 

1.0612 

specimen  weight 

in  grams 

1.3525 

14.1733 

specimen  and  crucible  (before) 

1 4.2385 

13.9225 

specimen  and  crucible  (after) 

13.9007 

.2508 

epoxy  weight 

in  grams 

. 3378 

23.6% 

epoxy  by 

weight 

24.  8% 

1.265 

specific  density 

of  epoxy 

1.255 

1.9-2. 3 

specific  density 

of  graphite 

1.9-2. 3 

54-68% 

fiber  by 

volume 

63-67% 

This,  compares  favorably  with  the  desired  65%. 

A quantitative  microscopic  analysis  was  done  to  further 
verify  the  fiber/epoxy  mixture. 

A section  was  talcen  from  a plate  using  a diamond  cut-off 
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saw,  aad  cold  mounted  in  plastic.  It  was  then  polisnei 
using  grinding  belts  of  53  and  323  grit,  emory  paper  of  0 
and  3/0  grit,  and  polisbing  cloths  with  aluai num-oxide 
slurries  of  15  and  .05  micrometer  grit.  The  microstructure 
showed  sufficient  resolution  with  just  polishing,  so  etching 
was  not  used,  k nitric  acid  etch  would  have  selectively 
attacked  the  epoxy,  if  desired.  The  cold  mounting  process 
caused  slight  sample  degradation.  The  plastic  attacked  the 
epoxy  in  the  outermost  layer.  The  attack  was  very  slight 
and  confined  to  dissolving  the  extreme  surface  layer  of 
epoxy.  If  there  was  a well  developed  crack,  the  plastic 
would  also  fill  these  with  a corresponding  light  attack  on 
the  surrounding  matrix  material.  The  plastic  mounting 
material  was  also  significantly  softer  than  the  graphite 
epoxy  plate  making  it  difficult  to  obtain  sguace  edges  on 
the  sample. 

Figure  5 details  the  results  of  the  guantitative 
analysis.  The  illustration  is  the  333X  microphotograph  used 
for  the  analysis,  which  is  a picture  of  the  middle  two 
layers  of  a plate.  The  data  indicates  a fractional  length 
of  line  within  the  fiber  as  .557.  This  eguates  to  the 
volume  fraction  giving  a So. 7%  fiber  volume,  which  concurs 
with  previous  analysis. 

The  average  dimension  of  the  fibers  was  also  determined 
from  the  microphotograph  using  standard  guantitative 
microscopy  techniques.  The  average  dimension  was  5.4 
microns.  Since  the  specimen  was  cut  at  a right  angle  to  the 
principle  fiber  orientation,  this  dimension  gives  a close 
approximation  of  the  average  fiber  diameter. 
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III.  EXPE&IMgir&L  APPRAIUS  AMD  PiSLIttlNAHf  TESIS 


A.  EXPEfilHENIAL  SET-UP 


^ • Penetratpr 

Two  variaols  mass  paaetratocs  waca  constructed  and 
are  illustrated  in  Fig.  5.  The  primary  penetrator  was  tne 
lighter,  slimmer  ona.  It  was  constructad  with  a plastic 
pipe  body  sized  to  fit  in  the  launchac  tube.  Tha  mass  could 
be  adjusted  from  a pproxi aantly  .314  to  .393  slugs.  This  was 
accomplished  by  varying  the  weight  from  seven  ounces  to 
three  pounds  with  lead  snot.  The  leading  point  of  the 
penetrator  is  half-spherioal  snaped  and  made  of  steel.  The 
larger  all  steel  penetrator  had  a mass  which  could  be  varied 
starting  at  .085  slugs.  Phis  penetrator  had  tha  capacity  to 
change  both  the  leading  point's  shape  and  its  construction 
material.  The  second  oanetrator  was  not  needed  in  the 
dynamic  tests. 

2 • Plate  Fixture 

A massive  steel  fixture  was  built  for  both  the 
static  and  dynamic  tests.  This  fixture  is  illustrated  in 
Fig.  7.  It  was  carefully  machined  to  have  a flat  test 
surface  and  to  have  the  top  and  bottom  surfaces  parallel. 
The  fixture  was  made  from  heavy  steal  channels  with  a 
one-nalf-inch  thick  steel  base. 
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Ths  sqaace  test  supports  aeasarea  f our-aad-one-half 
inches  on  the  insida.  Using  a six-inch  plats,  each  plate 
edge  otrec-lapped  the  sappoct  by  thrsa  quarters  of  an  inch, 
rhe  fixture  also  had  an  additional  fcaoe  and  a series  of 
claaps  to  secure  all  edgas  of  the  plates  to  tha  fixturas; 
this  fraae  would  prevent  all  edge  rotation.  Platas  could  be 
aounted  and  tested  in  eithar  tha  siaply  supported  or  claapad 
edge  nodes.  Large  holes  wars  drilled  in  the  sides  of  the 
fixture  to  prevent  any  pressure  build-ups  duriag  dynanic 
displaceaents. 


3 . Launcher 


The  desired  impact  velocity  was  achiavad  by  simply 
dropping  the  penetrator  from  an  appropriate  haight.  To 
insure  that  the  penetrator  would  hie  the  desired  spot  on  the 
plate,  and  to  provide  for  repeatable,  easily  adjustable  drop 
heights,  the  launcher  snown  in  Fig.  3 was  constricted.  The 
launcher  could  be  varied  in  height  above  the  plate  via  a 
screw  crank  for  fine  velocity  adjustments.  Both  penetrators 
were  just  slightly  smaller  in  diameter  than  the  inside 
dimension  of  the  launcher  tube,  which  was  used  to  stabilize 
the  penetrator's  flight.  Launch  was  initiated  by  a switch 
controlled  solenoid  which  removed  a bar  holding  the 
penetrator  in  place. 


4 . Frame 


A frame  was  constructed  out  of  steel  scaffolding, 
and  is  illustrated  in  Fig.  9.  The  frame  was  plumbed 
vertical  and  constructed  oa  a heavy-load  rated  concrete 
floor.  The  launcher  assembly  was  moved  up  and  down  the 
frame  by  a pulley  and  rope  arrangeient  to  obtain  course 
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5 . Static  Tgs ts 


Static  tests  waca  coaductai  on 
nachine  using  the  base  fixture,  plate 
penetrator.  Deflections  were  naasured 
displacement  indicator  froa  the  cross  ara 
machine  to  the  working  surface. 


a RIE3LE  testing 
and  appropriate 
with  a dial 
of  the  testing 


B.  CALIBRATION 


The  launcher-frame  coabination  was  calibrated  for  both 
impactors  at  three  different  speeds.  Ten  feet  per  second 
was  the  lowest  practical  spaed  obtainable  due  to  launch  tube 
interference.  Twenty  feat  per  second  was  the  highest  speed 
desired  in  order  to  keep  in  the  flexural  failure  mode. 
Fifteen  feet  per  second  was  also  used. 

The  calibration  was  done  electronically.  Two  light, 
sensitive  photo-transistors  and  their  power  supplies  ware 
placed  two  inches  apart,  bracketing  tie  plate  fixture’s 
position  relative  to  the  launcher.  Two  light  beams  ware 
focused  across  the  penetrator  flight  path  onto  the 
transistors,  and  an  electronic  timer  was  placed  oetween  the 
transistors.  The  wooden  frame  supporting  this  apparatus  was 
painted  flat  black  to  prevent  spurious  imputs.  Speeds  of 
ten,  fifteen,  and  twenty  feat  per  second  were  calibrated 
within  two  percent. 
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c. 


IMPACT  DURAIIDN 


The  time  aai  strain-mplituae  tiistory  Df  a typical 
impact  was  obtained  to  assist  ia  the  theoretical 
calculations.  A graphite  epoxy  plate  similar  to  the  tested 
plates  was  fitted  with  a strain  gage  near  the  center  of  a 
face.  The  strain  gage  was  connected  to  a Wheatstone  bridge 
and  power  supply.  An  oscilloscope  was  connected  across  the 
bridge  and  set  to  trigger  on  impact.  The  scope  was  set  for 
single  sweep  mode,  and  had  a camera  mounted  to  record  the 
trace. 

Figure  10  is  a scope  picture  taken  using  the  larger 
impactor  at  its  lightest  weight.  The  speed  of  Impact  was 
approximately  ten  feat  par  second.  The  oscilloscope  time 
scale  for  this  photograph  was  .5  miliseconds  per  centimeter. 
The  amplitude  was  not  calibrated  and  gives  relative 
information  only.  The  strain  in  the  plate  reached  its  peak 
value  at  one  millisacoad  according  to  this  photograph. 
After  the  impact,  examination  of  the  plate  determined  that 
the  strain  gage  leads  had  separated  from  the  gage  leaving 
the  validity  of  the  results  in  doubt.  The  test  did  give 
several  useful  pieces  of  information.  It  gave  an  indication 
of  the  impact's  initial  saape  and  rise  time, and,  since  wave 
stresses  would  have  reacned  maximum  values  in  much  quicker 
time  ranges  (microseconds) , the  test  confirmed  the 
assumption  that  a flexural  or  membrane  mechanism  would  be 
the  primary  loading  mode. 
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D. 


NON-OESTRUCnVE  TESTIMS 


It  Has  necessary  to  examine  eaoh  plate  after  every 
impact  loading  to  determine  if  any  damage  had  occarred.  The 
tests  had  to  be  gaick,  inexpensive  and  non-destruotive  since 
many  tests  would  be  ceguired  during  the  course  of  the 
experiments.  Several  nechods  of  non-destructive  testing 
were  considered,  including:  ultrasonic  sound.  X-rays,  and  a 
new  liquid  crystal  process. 

• Ultrasonic  resting 

An  Automation  Industries  Inc.,  Sperry  Division, 
Model  UM-771  Ref lectoscope  Ultrasonic  Testing  lachine  was 
examined  for  its  ability  to  meet  the  requirements.  rhe 
machine  was  equipped  with  2.25  MHz  and  5.0  MHz  zero  degree 
transducers.  It  also  had  2.25  MHz  transducers  with  sound 
input  angles  of  45,  50,  and  90  degrees.  All  the 
transducers,  including  various  combinations,  were  used  on 
two  different  graphite  epoxy  panels  with  known  flaws.  One 
panel  had  the  standard  surface  finish,  and  tne  other  was 
specifically  manufactured  to  give  a vary  smooth  surface 
finish.  Both  the  shear  and  through  modes  were  attempted, 
along  with  the  different  angle  input  modes. 

The  panels  with  normal  surface  roughness,  from  the 
bleeder  plies  used  in'  lanufacture,  ware  difficult  to  test. 
The  sound  return  from  both  the  front  (input),  and  back 
surfaces  was  lost  in  the  clutter  caused  ay  the  roaghness. 

The  plate  with  a smooth  surface  allowed  a reasonable 
input  and  back  surface  echo,  but  the  plate  was  so  thin  that 
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these  csflactions  occupied  the  entice  useful  range  of  the 
echo  returns.  Known  flaws  could  be  detected  in  the  clutter 
using  the  highest  freguencf,  out  it  was  difficult  to  get  any 
continuous,  consistent  caturns.  This  was  true  even  with 
Icnown,  large  flaws. 

Other  modes  of  the  machine  wece  tested  with  negative 

results. 

Foe  a plate  as  thin  as  tais,  a higher  frequency 
transducer  might  have  given  useful  results,  but  for  tha 
purposes  of  this  investigation  ultrasonic  tasting  was 
discarded. 

2*  X-Ray  Testing 

A portable  X-Ray  Hachina  was  triad  as  a means  of 
non-destructive  testing.  A General  Electric  LX-13  Portable 
Industrial  X-Ray  Jnit  was  sat-u?  to  examine  a graphite  apoxy 
panel  with  known  flaws.  Polaroid  film  was  exposed  at 
various  kilovolt  and  time  settings  to  datacaine  the 
procedure's  usefulness.  Even  at  the  lowest  setting  of  70 
Kilovolts  and  10  seconds,  the  plate  did  not  absorb  enough 
energy  to  produce  an  iaage.  The  pictures  obtained  had  no 
contrast  and  no  datail.  & machine  capable  of  even  smaller 
energy  output  would  pcobaoly  still  have  difficulty  obtaining 
any  contrast  due  to  the  light  atomic  weight  of  the  carbon. 
This  means  of  non-destructive  test  was  abandoned. 

3.  Liquid  Crystal  lasting 

Shauffl  [Ref.  5]  developed  a method  for  using 
temperature  sensitive  liquid  crystals  for  damage  evaluation 
in  graphite  epoxy  laminates.  Phis  method  was  used  with 
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excellent  results. 


After  preparing  plates  for  testing,  they  were 
painted  flat  black  on  me  side.  Liguid  crystals,  with 
temperature  sensitivity  of  30±1  degrees  centigrade,  were 
mixed  with  water  and  a stall  quantity  of  wetting  compound 
(liquid  detergent) . Phis  mixture  was  then  spray  painted  on 
the  plate  to  be  tested. 

After  each  impact  during  the  dynamic  testing,  the 
plate  was  examined  for  danage.  Phis  was  accomplished  by 
selectively  heating  all,  or  just  a portion,  of  the  panel, 
and  watching  the  heat  transfer  cause  the  liguid  crystals  to 
change  color.  Any  damaged  area  would  experience  a different 
heat  transfer  rate  and  thus  would  change  color  at  a 
different  time  from  an  undamaged  part.  This  method  was 
sensitive  enough  to  show  even  slight  compressive 
indentations  in  the  surface  prior  to  their  becoming  visually 
or  tactually  evident. 
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IV.  FliilE  ELSaENr  ASALTSIS 


k.  FINITE  ELEMENT  MODEL 


SAP  IV,  a structucil  analysis  program  for  static  and 
dynamic  response  of  linear  systems  by  Bathe,  iilson  and 
Peterson  [ aef . 5]  was  used  as  an  analytical  tool. 

Two  finite  element  models  of  a plate  were  made  for 
analysis.  The  first  model  was  a coarse  model  consisting  of 
only  16  square  plate  elements,  1.125  inches  on  a side,  for  a 
4.5  inch  square  plate.  This  model  was  used  for  initial 
"coarse”  investigation  at  a small  cost  in  computer  time. 
The  second  model  was  a fine  model  with  324  plate  elements, 
.25  inches  square,  and  used  considerable  computer  time. 


The  results 
compared  with  know 
Timoshenko  and  Ho 
supported,  concent 
reference  soluti 
deflection  versus 
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The  dynamic  analysis  section  of  SAP  was  addressed  to 
compare  its  modal  fragaency  with  an  exact  solution. 
Meirovitch  [Ref.  3]  gives  an  exact  solution  for  the 
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vibration  frequencies  of  a rectangular  plate: 


2 

FREQUENCY-  Tf  \ 


m,n  ■ 1^,... 


The  coarse  finite  element  model  results  were  within  .5%  of 
the  exact  solution.  Since  this  agreement  was  considered 
more  than  satisfactory,  tae  fine  moiel  was  not  run. 
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B.  STRESS  DISTRIBOriOM 


In  order  to  limit  ttie  re^iuired  amount  of  soaputer  data 
reduction  by  determining  vhere.  initial  failure  could  be 
expected,  an  analysis  was  perfnraed  using  SAP  17  to 
determine  the  stress  iistribution  on  a typical  plate. 
Figure  12  illustrates  the  results  of  this  study  on  a simply 
supported  plate  with  a concentrated  load.  The  stress 
concentration  aas  the  highest  at  the  center  of  the  plate, 
and  this  indicated  that  initial  failure  analysis  could  be 
limited  to  the  immediate  vicinity  of  the  canter  of  the 
plate. 
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FAILURE  CRirBRIUN 
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Returning  to  Jones  ^ Jef . 3],  the  strains  are: 

C.  - "T 

3N  *T>r-2Z 

Since  it  is  assumed  that  tie  length  of  the  middle  surface  of 
the  plate  is  constant,  the  first  partial  tans  can  oe 
dropped. 

Using, 

[»I'H  ■ W 

the  middle  surface  curvatures  are  found.  Having  these,  and 
the  stiffness  matrix  for  each  lamina,  the  laoiia  stresses 
are  found  from: 

Hk  •['■U'l 
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Kaouiag  the  stresses  sai  the  ultiaate  failure  stress, 
failure  can  be  predicted. 

A computer  prograa  vas  vrittea  in  Basic  Language  to 

evaluate  failure.  The  iaput  consisted  of  the  ooaents  per 

unit  length  in  the  K,  !f,  and  Xf  directions.  The  program 

started  by  computing  the  stresses  in  the  outer  tvo  layers, 

as  outlined  above,  using  appropriate  coordinate 

transformations.  It  then  set  the  transverse  and  shear 

modulus  for  the  outer  lamina  to  zero  and  computed  the 

« 

stresses  on  the  nert  layer.  Failure  vas  assumed  to  occur 
when  the  transverse  ultiaate  failure  stress  was  exceeded  in 
both  the  outer  and  next  layer.  Phe  program  is  included  as 
Appendix  3. 
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V. 


SIMIC  TESr  RESULTS 


Seven  static  tests  were  pecforinei,  siic  involving  loading 
to  failure.  Three  tests  used  the  larger  penetrator  and 
simply  supported  boundaries.  Two  used  the  smaller 
penetrator  and  were  also  simply  supported.  Dae  test  was 
conducted  using  fixed  boundary  conditions  and  the  small 
penetrator.  The  last  plate  was  not  loaded  until  failure; 
instead,  it  was  partially  loaded  and  then  used  for 
microscopic  examination. 

Figures  13  and  14  show  the  results  of  all  static  tests. 
The  static  failure  energy,  as  outlined  by  dcQuilien, 
Llorens,  and  Cause  ^Sef.  9]  for  beams,  was  one  half  the  load 
times  the  displacement. 

All  failures,  with  one  exception,  involved  the  same 
failure  mode,  and  Figure  15  and  IS  are  typical  examples  of 
this  mode.  The  only  exception  was  the  test  with  fixed 
edges,  and  Fig.  17  illustrates  its  mode. 

During  the  course  of  the  static  tests  it  was  apparent 
that  a "yield'*  point  was  experienced.  This  poiat  occurred 
at  approximately  half  the  ultimate  load  when  the  panel  would 
experience  a decrease  in  load  with  no  increase  in 
displacement  at  the  center  of  the  plate.  Figure  14 
indicates  that  this  was  common  to  both  penetrators  and 
boundary  conditions.  Zonseguently , a plate  was  loaded  to  a 
point  just  beyond  this  "yield"  point,  and  then  sectioned  and 
prepared  for  microscopic  examination.  As  the  plate  was 
loaded  a large  deflection  occurred  in  the  plate  which  was 
very  similar  in  size  and  shape  to  the  standard  failure. 
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Figure  18  indicates  this  ieflection  area,  and  sh3i#3  were 
sections  (narked  5)  were  taken. 
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Figurs  13  - FftBLE  OF  SIATIC  lESI  RESULTS 


Figur 


Figure  15  - SKETCH  DF  k TYPICAL  STAnc  OB  DYN 
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VI.  TESI  aESULTS 


Figure  19  Simmarizss  the  results  the  dyniiic  tests. 
Each  plate  was  iipacted  repeatedly  the  peaetrator,  at 
constant  velocity  but  with  progressively  increasing  mass 
until  failure  occurred.  Failure  was  evidenced  oy  a loud 
cracking  noise,  virtually  no  penetrator  rebound,  and  gross 
delanination.  The  energy  reguiced  for  failure  is  indicated, 
and  is  one-half  the  mass  times  the  velocity  squared.  hfter 
each  impact  the  plates  were  ezaained  for  damage  using  the 
liquid  crystal  inspection  technique.  In  all  of  these  tests 
the  smaller  size  impactoc  was  used. 

Each  failure,  with  one  exception,  showed  the  same 
failure  mode  as  the  static  case  shown  in  Fig.  13  and  16. 
The  one  exception  occurred  at  20  feat  per  second,  and 
approached  ballistic  in  nature.  Figure  20  shows  this 
failure  with  its  almosc  complete  penetration,  aid  splaying 
of  the  delaminated  layers  on  the  back  (non-impact)  side. 

Early  in  each  test,  damage  was  observed  in  the  plates. 
This  damage  was  localized  in  the  immediate  area  of  impact. 
When  it  started  it  was  oarely  discernible  using  the  liquid 
crystal  technique,  but  as  the  tests  progressed  it  became 
easier  to  see.  &fter  many  impacts,  the  damaged  area  was 
delaminated,  and  this  could  be  determined  by  careful  tactile 
examinations.  It  did  not  appear  to  have  any  effect  on  the 
the  ultimate  failure  energy.  This  "bruised"  area  was 
subjected  to  a microscopic  examination.  It  was  section  1A2 
in  Fig.  18  and  is  shown  enlarged  in  subsequent  figures. 
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TEST  SPEED  NUMBER  OF  PENETRATOR  ULTIi!ATE 

(ft/sec)  IMPACTS  UNTIL  WEIGHT  IMPACT  ENERGY 

FAILURE  (lbs)  (ft-lbs) 
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Figure  19  - riBLE  OP  DYN&il"  TEST  RESULTS 
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DISCOSSIDM  DF  RESULTS 
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As  the  tests  and  analyses  progressed,  the  large 
deflections  had  an  iaportant  influence  on  the  correlation  of 
experimental  and  theoretical  results.  The  plates  were  .J43 
inches  thick  and  static  failure  occurred  at  plate  center 
deflections  of  approximately  .35  inches.  This  means 
deflections  were  eight  to  nine  times  larger  than  the 
thickness  of  tha  plates. 

An  analysis  was  attempted  to  correlate  the  actual 
results  with  theoretical  solutions.  Five  exact  and  finite 
element  solutions  were  oatained  for  the  static  case  and  an 
intensive  structural  dynaaic  response  analysis  was  attempted 
for  the  dynamic  cases.  These  investigations  were  thwarted 
by  inadequacies  in  the  basic  assumption  of  small 
deflections. 
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loading  at  approximately  oae  half  the  altimate  load;  and  the 
fiber  failure  mechanism. 

A.  STRAIN  RATE  DEPENDENTB 

As  indicated  in  Pig.  1>l,  in  one  large-penetcator  test 
the  specimen  seemed  to  he  significantly  stiffer  than  the 
other  plates,  all  of  which  showed  quite  similar 
load-deflection  curves,  regardless  of  peaetrator  size.  The 
only  parameter  which  differed  in  this  "stiffer”  test  was  the 
rate  of  loading,  which  was  higher  than  that  ised  in  tne 
other  tests.  No  further  qualitative  analysis  was  performed, 
but  the  rate  of  loading  was  kept  as  low  as  possible. 
Further  tests  then  yielded  consistent,  repeatable  results. 

B.  FAILURE  NODES 

All  failures,  both  static  and  dynamic,  showed  the  same 
failure  modes  [Fig.  15,  and  16].  There  were  only  two 
exceptions.  The  first  was  during  testing  of  the  fixed  plate 
with  the  smaller  oenetrator.  This  failure  was  illustrated 
in  Fig.  17,  and  was  a fors  of  snear.  Although  the  plate  was 
stiffer  than  the  simply  supported  plates,  it  responded  in  a 
similar  manner  until  the  "yield”  point  was  reacned.  After 
that  point,  the  penetrator  virtually  sheared  tirough  the 
plate.  The  second  exception  was  one  test  at  23  feet  pec 

second.  The  failure  mode  approached  ballistic  in  nature. 
Figure  20  illustrates  the  almost  complete  penetration,  and 
the  splayed  lamina  around  the  exit  hole. 

The  choice  of  23  feat  per  second  as  a limit  for  the 
dynamic  tests  was  justified.  Since  one  of  the  four  tests 
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conducted  experienced  tils  failure  mode/  this  speed  range 
was  in  the  transition  froi  flexural  failure  oode  to  a 
ballistic  failure  node. 

The  size  of  the  plate  was  sufficient  to  keep  the  plate 

•w 

in  the  flexural  failure,  instead  of  shear  failure,  mode 
during  static  tests.  Ml  tests  in  the  simply  supported  mode 
were  flexural  in  nature. 

I*  Microscopic  Exaaiiation  of  Oltimate  Failure  Area 

Section  1 A3  [Fig.  13]  was  cat  and  mounted  for  light 
microscope  examination.  Figure  21  shows  the  region  outside 
of  the  gross  delanination  area  typical  of  failure.  This 
section  appears  relatively  intact  with  very  minor 
delamination.  There  are  several  small  lamina  fractures  in 
the  outer  two  layers  running  with  the  fiber  directions  in 
the  matrix,  and  these  linor  cracks  are  associated  with  a 
slight  delamination. 
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Totally  flexural  failure  damage  should  have  bean 
concentrated  in  the  outermost  layers  where  the  largest 
stresses  occurred.  Figures  22,  23,  and  2'4  all  deaonstrate  a 
significant  failure  of  the  middle  two  layers  in  their 
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LISHr  MICB33Z3PE,  FAILJRE  SURFACE  EXAMINATIDK 
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Figure  22 
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Figure  28  - SEM,  TYPICXL  FR 
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Figure  2S  - SEM,  TYPICiL  FRACrURE  IN  SECOND  LAYER,  12J0X 
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Of  particular  iatacest  is  the  continuity  of  the 
filers  in  the  layers.  ML  inter-laninar  failures  occurred 
at  the  epoxy-fiber  joiats  with  no  discerniole  fiber 
breakage.  A quantitative  analysis,  presented  in  Fig.  31, 
indicates  that  slightly  over  ten  percent  of  the  iiner  lamina 
epoxy-fiber  joints  have  broken.  These  failures  are  long, 
parallel  to  the  fibers,  continuous,  and  appear  to  penetrate 
completely.  This  would  indicate  an  inability  to  carry  any 
load  in  the  transverse  direction  while  still  naintaining 
strength  in  the  fiber  direction.  This  would  be  consistent 
with  the  low  transverse,  but  very  high  Loagitudinal, 
strength  and  failure  characteristics.  The  transfer  of  this 
transverse  load  to  the  next  lamina  would  cause  large 
inter-laminar  shear  forces,  and  this  could  account  for  the 
gross  delaminations.  Tae  observation  that  all  del aminations 
appear  to  have  an  associated  matrix  fracture,  or  crack, 
further  supports  this  theory. 
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2*  Iii££2sc22i.£  BxaaiaaDion  of  Statio  Hiigiill  £2iSi 


During  static  loading  of  the  plates,  there  was  a 
pronounced  "yield"  point  at  approxiiately  half  the  ultioate 
load.  At  this  point  the  panel  would  experience  a decreased 
load  with  no  increase  in  iisplaceaent,  acconpanied  by  loud 
cracking  noises.  Figure  14  gives  plots  of  these  points.  A 
plate  was  loaded  just  past  this  "yield"  point,  and  then 
sectioned  (5B)  as  snown  in  Fig.  13.  Using  the  light 
microscope.  Fig.  32  shows  an  area  where  all  eignt  lamina  are 
delaminated.  In  Pig.  33  there  are  just  a few  delaminations, 
but  both  pictures  show  extensive  damage  to  tne  underside 
(side  opposite  the  load)  tero  degree  layer. 

figures  34,  35,  and  36  all  show  the  same  damage  to 
the  bottom  layer  along  with  assorted  other  delaminations  and 
cracks.  Figures  34  and  35  have  matrix  fractures  associated 
with  delaminations.  In  the  nicrophotographs,  the  damaged 
outer  layer  was  probably  accentuated  by  the  reaction  of  the 
plastic  mounting  material  with  the  epoxy,  as  previously 
described. 

Although  there  were  other  varied  types  of  damage, 
the  major  fracture  mechanism  was  the  failure  of  the  zero 
degree  lamina  on  the  side  opposite  the  load.  It  is 
conjectured  that  the  "yield"  point  encountered  is  the 
failure  of  the  outer  layer  in  the  transverse  direction  and 
the  shifting  of  tnis  load  to  tne  inner  laminas.  Due  to  the 
geometry  of  the  lay-up  and  the  strength  characteristics,  the 
next  two  45-degree  laminas  could  more  efficiently  carry  the 
load  transverse  to  the  zero-degree  layer. 

The  useful,  or  safe  working,  load  of  the  plate  would 
be  limited  by  this  "yield"  point. 
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Microscopic  Era®  ia  at  ion  of  Fiber  Failucis 

Very  few  fiber  failures  were  founi,  and  tie  cause  of 
those  failures  was  hard  to  determine. 

Figure  40  shows  a single  broicen  fiber  in  the  45 
degree  layer  of  the  Scanning  Electron  Microscope  sample. 
Figure  41  shows  a bundle  of  broten  fibers  in  the  zero  degree 
outer  layer  of  the  same  specimen. 

The  broken  fibers  in  these  pictures  show  45  degree 
fracture  surfaces.  This  would  be  indicative  of  shear 
fracture  under  high  strain  rates  according  to  Soangelo  and 
deiser  [Ref.  11].  Taef  could  also  just  be  the  ends  of  the 
fibers  as  manufactured. 

Because  of  the  rarity  of  broken  fibers  aid  the  fact 
that  fibers  are  not  normally  continuous  in  a lamina,  no 
significance  was  assigned  to  these  fiber  fractures. 

It  appears  the  lack  of  strength  of  the  Laminas  in 
the  transverse  direction  was  the  significant  factor  in 
failure  of  these  plates.  Adding  93  degree  laminas  might 
have  provided  a large  increase  in  impact  resistance  and 
static  strength. 
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Figure  1*0  - 3EM,  A BROKEN  FIBER,  520DX 
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Figure  41  - SEM,  \ SaNDLE  OF  BROKEN  FIBERS,  2200X 


ENERGY  REQUIRED  FOR  FAILURE 


Figure  42  is  a plot  of  the  euecgy  reguired  far  ultimate 
failure  for  both  dynamic  and  static  cases.  Daly  simply 
supported  plates,  using  the  small  penetrator,  were  plotted. 
& least-sguares  fit  of  first  and  second  order  were  plotted, 
and,  within  experimental  accuracy,  the  energy  for  failure  in 
both  static  and  dynamic  cases  was  constant. 

Since  a constant  inpact  energy  mechanism  was  manifest 
and  this  energy  egualled  the  static  strain  energy  to 
failure,  the  correct  dynamic  model  seems  bo  be  a one 
degrea-of-freedom  lumped  parameter  spring  mass  system  [Ref. 
93.  The  general,  continuous,  structural  dynamic  response 
model  was  not  indicated.  aowever,  an  extensive  series  of 
dynamic  response  studies  was  performed  using  the  dynamic 
response  section  of  S&?  1/  [Ref.  5].  The  parameters  of 
impact  duration,  impact  shape,  number  of  natural  modes 
utilized,  and  constitutive  properties  were  all  varied.  In 
all  results  the  experimental  values  showed  the  actual  plate 
as  being  significantly  stiffer  than  the  model,  and  no 
correlation  between  the  experimental  results  and  the  finite 
element  dynamic  structural  response  analysis  could  be 
obtained . 
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STAriC  SOLOriDNS 


with  a coDstait  inpact  aaerg/  failura,  a stati.:;  solution 
to  the  plate  pcoblei  would  also  provide  tha  dynaaio 
solution.  Figure  43  is  a plot  of  several  different 
solutions  and  the  average  experimental  results. 

The  exact  solution  of  linoshenlco  and  Hoinowsicy-Krieger 
;Ref.  7]  for  an  orthotropio  piate  were  computed  aid  plotted. 
Ihe  design  manual's  [Ref.  2]  exact  solution  was  also  plotted 
using  both  sets  of  deveioped  constitutive  properties. 

The  finite  element  aodel  was  used  for  the  fixed  edge 
solution,  and  the  simply  supported  solution  using  the  small 
penetrator.  It  was  also  used  for  the  simply  supported 
solution  using  tha  large  penetrator.  Ihe  large  penetrator 
was  simulated  using  the  experimentally  obtained 
displacements.  A drawing  was  made  of  the  displacaients  with 
the  penetrator  ovarlaid.  The  load  was  assuaed  to  be  a 
pressure  distribution  in  the  saie  shape  and  proportion  to 
the  contact  area  of  the  panatrator  on  the  displacad  plate. 

As  can  be  seen  from  Fig.  43,  the  theoretical  results 
agreed  well  among  themselves.  The  exact  and  finite  elemant 
solution  for  a concentrated  load  were  within  a percentage 
point;  however,  the  theoretical  and  experiiental  results 
were  in  significant  disagreement. 

Proa  the  licroscopic  analysis,  tha  static  theoretical 
analysis,  and  the  dynaaic  theoretical  analysis  it  was 
determined  that  small  deflection  thaory  was  unusaale.  These 
plates,  due  to  their  small  thickness  and  relative 
flexability,  were  more  appropriately  considered  in  large 


daflection  theory. 


Chi-Teh  Wang  ^ Eef . 12]  has  solved  tne  statio  problem  for 
a large  defleotlon,  sLnply  supported,  uniforsly  loaded 
plate.  Although  not  directly  applicaole  to  the  problem 
considered  here,  his  results  shov  the  same  general  form  for 
a uniformly  loaded  plate  as  these  experimental  results  for  a 
concentrated  load  plate. 
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ELEMENr,  AND  EXPERISESIAL  RESULTS 
STATIC  TESTS 


yltl 


DM3LUSt2gS 


&.  The  dynamic  and  static  failure  acdss  for  simply  supported 
graphite-epoxy  plates  uaiac  either  ceatral  concentrated  load 
or  lov-energy  impact  are  the  same. 

B.  Between  zero  and  twenty  feet  per  second  large  deflection 
failures  of  graphite-epoxy,  simply  supported  plates  occurred 
at  a constant  energy. 

3.  There  was  a "yield  poiat"  where  damage  occurred  in  static 
loading. 

E.  There  was  localized  stress  wave  damage  in  the  immediate, 
dynamic  contact  area. 

P.  Linear,  small-deflection  theory  is  not  applicaole  to  tnin 
graphite-epoxy  plates  loaded  to  failure. 


93 


IX.  aECDMMENDftriDNS 


&n  exact,  large  deflertion  solutioa  should  be  developed 
to  analyze  thin  plate  responses  to  concentrated  loads.  Once 
this  solution  is  in  hand,  a good  approxiiation  can  be  made 
for  low  energy,  dynamLc  damage  thresholds  using  energy 
methods.  This  informatioo  can  then  be  used  for  both  design 
and  operational  maintenance. 
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